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S U M M A R Y
High quality observations of shear-wave anisotropy in the shallow crust have allowed us to
detect subsurface crack systems in the NW and the SE Geysers geothermal fields, CA. Shear-
wave splitting (SWS) parameters, fast shear-wave polarizations (φ) and time delays (δt), are
highly sensitive to the anisotropic fabric of the medium through which shear-waves propagate
and constitute the basic dataset to invert for 3-D crack geometry and crack density in the
subsurface. Variation and asymmetry patterns in φ and δt observations, plotted in equal-area
projections as a function of ray azimuth and incident angle, are essential in the determination
of crack strike and dip, crack aspect ratio, and crack density. Inversion results show that the
most common patterns of fracture-induced anisotropy in the NW Geysers can be simulated
by horizontally transversely isotropic (HTI) media or rocks with vertical (to steeply-dipping)
systems of parallel cracks which strike subparallel to the N-to-NE direction of maximum
compressive stress. On the other hand, modelled fracture systems in the SE Geysers strike both
NE and NW. Percentages of shear-wave velocity anisotropy average about 4 per cent in The
Geysers. Deviations from horizontal transverse isotropy conditions are modelled with non-
vertically dipping crack systems or with intersecting crack systems. The discussion of specific
inversion examples exposes problems related to seismic ray coverage within the shear-wave
window, non-uniqueness of crack-induced anisotropy models, and complementarity between
polarization and time delay data.
Key words: crack-induced anisotropy, equal-area projection, modelling, shear-wave split-
ting, geothermal field, The Geysers.
1 I N T RO D U C T I O N
Seismic waveforms from microearthquakes recorded in The Geysers
geothermal field, CA show unusually clear evidence of shear-wave
splitting (SWS). In Elkibbi & Rial (2003), we extensively describe
the seismic data and provide some preliminary interpretation of ob-
served SWS parameters: fast shear-wave polarizations (φ) and time
delays (δt). A total of 1757 readings of φ and δt pairs from high
signal-to-noise ratio three-component seismograms are used in the
fracture characterization study of the NW and the SE Geysers re-
gions (Fig. 1). Estimated measurement errors are 3◦ for polarization
directions and 2.08 to 2.5 ms for time delays.
Pairs of anisotropy-related parameters φ and δt read from many
seismograms recorded by high-density seismic arrays in The Gey-
sers provide a highly diagnostic means of detecting key fracture
characteristics in the reservoir. Polarization orientations help delin-
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eate stress-aligned crack directions that represent potential conduits
for subsurface fluid flow, while crack densities inferred from time
delays offer good prospects of depicting target-zones of increased
cracking intensity and rock permeability within the reservoir rocks.
To avoid potential ambiguity, it is worthwhile to mention that in an
anisotropic medium, aligned fast shear-wave polarization orienta-
tions are independent of the initial polarization of the shear-wave
at the source and are mainly caused by the medium’s anisotropy
(Crampin et al. 1986; Peacock et al. 1988; Crampin & Lovell 1991).
Based on SWS preliminary results in Elkibbi & Rial (2003), this
paper successfully tests the applicability and limitations of the SWS
approach, by investigating the feasibility of using a large dataset
of observed φ and δt parameters to invert for subsurface fracture
geometry and fracture density in The Geysers geothermal reser-
voir. This paper also explores in detail, through inversion examples,
problems related to seismic raypath coverage within the shear-wave
window, non-uniqueness of crack-induced anisotropy models, and
complementarity between polarization and time delay data.
2 M E T H O D O L O G Y
Fast shear-wave polarization directions mainly depend on the angle
between the crack normal and the seismic ray while time delays
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Figure 1. Map of the NW and SE Geysers showing rose diagrams of observed fast shear-wave polarizations (Elkibbi 2004; Elkibbi & Rial 2005; Rial et al.
2005, reprinted with permission from Elsevier) plotted at the locations of seismic stations. The polarization data was collected from a total of 1757 high
signal-to-noise ratio three component seismograms. We list between parentheses the number of polarization readings used in the generation of each rose
diagram. In the NW Geysers: station S1(89), S2(64), S3(72), S4(92), S5(57), S6(120), S7(34), S8(66), S9(37), S10(35), S11(72), S12(35), S13(11), S14(65),
S15(26), and S16(33). In the SE Geysers: S1(14), S2(9), S3(20), S4(72), S5(36), S6(97), S7(0), S8(48), S9(0), S10(38), S11(54), S12(204), S13(113), and
S14(144). The Mercuryville and the Collayomi fault traces are based on a map in Evans et al. (1995).
are proportional, to first order, to crack density ε along the raypath.






where N is the number of cracks with radius a within a rock volume V
(Crampin 1978, 1994; Hudson 1980, 1981; O’Connell & Budiansky
1974). We use an inversion scheme, which employs both SWS pa-
rameters φ and δt (Yang 2004; Yang et al. 2005). Station-by-station
inversion for subsurface crack strike and dip, crack aspect ratio,
and crack density is performed through successive trial-and-error
comparisons of observed and theoretical φ and δt values plotted in
equal-area projections as a function of ray azimuth and angle of inci-
dence. The trial-and-error process is guided, in the sense that the fit
of a given crack model is interactively optimized by displaying the
history of all previous trial-and-error events, so that current results
at a certain point guide the next update trial until convergence to the
best solution is achieved. Simultaneous minimization of both φ and
δt residuals is accomplished by a nonlinear least-squares algorithm
whereby the goodness-of-fit of a given crack model is evaluated
















((δto)n − (δtt )n)2
}1/2
; (3)
where φo and φ t are observed and theoretical fast shear-wave polar-
ization angles respectively, δto and δtt are observed and theoretical
time delays normalized to the raypath length respectively, and N is
the number of observations recorded at a given seismic station. In
eq. (2), the difference between (ϕo) and (ϕ t ) is reduced to ±90 de-
grees to account for the bidirectionality of shear-wave polarization
orientations.
Essentially, inversion efforts are expected to identify regions
of different crack densities in The Geysers reservoir and detect
3-D fracture geometry in the subsurface. Based on seismic ray-
path coverage within the shear-wave window and variation patterns
in distributions of observed φ and δt in equal-area projection plots,
crack-induced anisotropy is modelled with (a) a single set of vertical
cracks, (b) a single set of non-vertically dipping cracks, or (c) two
intersecting sets of vertically and/or non-vertically dipping cracks.
Because the spatial distribution of earthquake sources is not very
dense and uniform around seismic stations, the quality of raypath
coverage within the shear-wave window plays an important role
in evaluating the goodness-of-fit of different crack models. Results
from minimization of φ and δt residuals are interpreted while taking
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into account raypath coverage quality based on point pattern anal-
ysis over the ray azimuth-incident angle space divided into 90 bins
with 20◦ increments in ray azimuth and 10◦ increments in incident
angle. The quality of data coverage within the shear-wave window is
rated as ‘good’, ‘fair’, or ‘poor’ and reflects the degree of reliability
of proposed fracture models (Elkibbi & Rial 2005).
Remarkably, seismic stations showing just one chief fast shear-
wave polarization direction within the shear-wave window are com-
mon in The Geysers. The recording of a single prevalent polarization
angle may in general be accounted for by anisotropic effects due to
parallel vertical cracks. In this case, the chief polarization direction
is parallel to the strike of the cracks in the neighborhood of the sta-
tion. In order for split shear-waves not to superpose in time, it is es-
timated that modelled cracks within the neighborhood of the station
penetrate a thickness of at least 8–10 wavelengths (1000–1250 m)
below the station (Geoltrain 1988). The horizontal area sampled by
the waves is however more reduced because of the steep angles of
incidence in the shear-wave window; therefore, an estimate of the
lateral extent of the cracks sampled by the waves is more difficult to
make. On the basis of observed variability in polarizations through-
out the field and among adjacent stations less than 1 km apart, it is
only possible to assume that the area sampled laterally covers about
500 m (i.e. ∼4 wavelengths in our case). Additionally, we found ev-
idence for multiple shear-wave splitting in The Geysers indicating
variations in fracture direction with depth in the neighborhood of
some seismic stations. Preliminary results from double shear-wave
splitting events indicate for instance that fractures in the neighbor-
hood of station S2 in the NW Geysers may change in orientation at
a depth of about 1 km (Elkibbi 2004).
Some stations in The Geysers show significant variations in po-
larizations with ray azimuth and incident angle. For example, station
S14 in the SE Geysers shows several equally dominant polarization
directions, while stations S2 and S6 in the NW Geysers and sta-
tions S5 and S6 in the SE Geysers show secondary polarization sets
superimposed on the main polarization orientations. Secondary po-
larizations provide important clues on the geometry of subsurface
fractures and should not be regarded as scattering noise, especially if
their distribution fits particular azimuthally dependent patterns. As
we shall show, these patterns may indicate the presence of a single
set of non-vertically dipping cracks or even two sets of intersecting
(biplanar) cracks.
3 S H E A R - WAV E S P L I T T I N G A N D
C R A C K - I N D U C E D A N I S O T RO P Y
Anisotropy in the crust is either an inherent property of the rocks
(e.g. crystalline texture) or a consequence of the medium’s response
to applied stresses (e.g. extensive dilatancy anisotropy (EDA)-
cracks). Preferentially oriented fluid-filled fractures, microcracks,
or thin pore spaces, preferred mineral alignments, and periodic thin
layering (PTL) in sequences of sedimentary rocks, all affect the be-
havior of shear-wave propagation. A good understanding of how a
given theoretical anisotropic model of the crust controls shear-wave
polarizations and velocities (or travel times) is crucial in solving the
shear-wave propagation forward problem.
The lithology of The Geysers geothermal reservoir is domi-
nated by low-grade metamorphism fractured metagraywackes that
commonly lack schistosity, warranting the general assumption that
shear-wave splitting here is induced solely by stress-aligned frac-
turing in an otherwise isotropic medium. Coring projects results
and permeability studies suggest that open fractures and open veins
in the metagraywackes are principally vertical and steeply dipping
features related to the neotectonic strike-slip environment of The
Geysers (Nielson & Nash 1997; Hulen & Nielson 1996). The hy-
pothesis of subvertical to vertical open fracture pervasiveness agrees
with the fact that stress-aligned cracks in the crust tend to be per-
pendicular to the direction of minimum compressional stress, which
is typically horizontal below surface rocks. Hence, subsurface open
cracks are expected to be vertical and to extend parallel to the max-
imum horizontal compressive stress (Crampin et al. 1984; Crampin
1985; Crampin & Booth 1989). Based on these observations, we
choose horizontal transverse isotropy (HTI) as the starting model
in our simulation of cracking patterns in The Geysers. Deviations
from purely HTI conditions (or parallel vertical cracks) are how-
ever not uncommon. These are modelled on a station-by-station
basis and supported by complementary independent tectonic and
geologic data, as will be shown.
Shear-wave anisotropy in crustal rocks away from the free surface
is generally weak. It is here defined as:
SWA =
{




where Vsf and Vss are respectively the fast and the slow split shear-
wave velocities (Crampin 1989, 1994). In sedimentary, igneous, and
metamorphic geological environments with rocks predominantly
fractured by a single crack system, percentages of shear-wave ve-
locity anisotropy are expected to range between SWA = 1 per cent
and SWA = 5 per cent on average. In terms of crack density, the latter
are approximately equivalent to ε = 0.01 and ε = 0.05 respectively
provided that the Poisson’s ratio of the uncracked medium is about
0.25 (Vp/Vs = 1.732; Crampin 1993). In geothermal environments,
however, high heat flow may cause shear-wave velocity anisotropy
to be higher than normal and to potentially reach values as high as
10 per cent equivalent to an average crack density of ε = 0.1
(Crampin & Zatsepin 1995).
To model the effects of crack-related anisotropy (in terms of crack
strike and dip, crack aspect ratio, and crack density) on SWS be-
havior, the fractured medium is represented by an elastic continuum
with anisotropic properties that reflect the cracks’ configuration.
This representation applies to wavelengths which are significantly
longer than individual ellipsoidal crack dimensions. We use the elas-
tic stiffness matrix proposed by MacBeth (1999) for transversely
isotropic (TI) conditions, which includes a first order perturbation
to the isotropic elastic constants, to simulate the general 3-D me-
chanical properties of the water-saturated fractured medium. By
evaluating the eigenvectors and eigenvalues of the corresponding
Christoffel matrix, which depend on the medium stiffness and di-
rection of wave propagation, synthetic fast shear-wave polarizations,
shear-wave phase velocities, and associated time delays can be cal-
culated for prescribed TI models (Babuska & Cara 1991; Tsvankin
2001). The elements (mil) of the Christoffel matrix are given by:
mil = Ci jkln j nk
ρ
; (5)
where Cijkl is the stiffness tensor for a water-saturated fractured
medium, n is the unit vector describing the direction of wave propa-
gation, and ρ is the density of the unfractured medium (Babuska &
Cara 1991). Media with intersecting biplanar crack systems may be
modelled in the same way by adding the corresponding anisotropic
matrices contributed by each of the crack systems following the
technique of Hudson (1986).
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3.1 Effects of crack attributes on φ and δt
In HTI environments, the SWS parameters (φ and δt) vary with both
ray azimuth and angle of incidence with respect to the crack nor-
mal. The rock matrix attributes, the crack parameters, and the type
of saturating fluids constitute the main controls over φ and δt distri-
butions. The rock matrix attributes are the matrix mass-density and
the isotropic Lamé constants µ and λ, while the crack parameters
are crack strike and dip, crack density, and crack aspect ratio (ra-
tio of crack thickness to crack diameter). The relationship between
these crack parameters and the SWS parameters (φ and δt) is non-
linear in the sense that small changes in crack parameters (mainly
crack dip) translate into disproportionate but localized variations
in φ and δt values, which are very diagnostic of the 3-D fracture
configuration and are therefore extremely useful for fracture inver-
sion purposes. Such variations in φ and δt patterns are observed
in The Geysers and are particularly clear in equal-area projection
plots.
We investigate theoretical SWS behavior in the simplest crack
configuration scenario, which is most likely to occur in The Gey-
sers: a case of transverse isotropy with a horizontal axis of symme-
try (HTI) simulating a single system of thin parallel vertical cracks
striking in the N30E direction, as predicted from the mainly N-to-
NE direction of maximum regional compressive stress (Bufe et al.
1981; McLaughlin 1981). The resultant theoretical fast shear-wave
polarizations (Figs 2a and b), computed for rays within the shear-
wave window, are all parallel to the strike of the prescribed frac-































Figure 2. Shear-wave splitting behavior in parallel vertical crack systems: comparison of synthetic and observed shear-wave splitting parameters. (a), (b), and
(c) show synthetic results for a Poisson solid (isotropic Lamé constants λ = µ = 28 × 109 Pa and matrix mass-density ρ = 2.7 × 103 kg m −3) characterized
by a single system of vertical water-saturated cracks striking N30E. Water is at STP. The crack density is ε = 0.036 and the crack aspect ratio (i.e. crack
thickness/crack diameter) is 0.02. (a) Rose diagram of synthetic fast shear-wave polarizations in the shear-wave window of 35 deg.. (b) Equal-area projection
plot of synthetic fast shear-wave polarizations out to the edge of the shear-wave window. (c) Equal-area projection plot of synthetic path-length normalized
contoured time delays (ms km−1) out to the edge of the shear-wave window. (d), (e), and (f) show observed φ and δt recorded in the shear-wave window
(37.5 deg.) of station S13 in the SE Geysers. Calculation of the shear-wave window is based on a velocity model of the SE Geysers by Kirkpatrick et al. (1997).
(d) Rose diagram of observed fast shear-wave polarizations. (e) Equal-area projection of observed fast shear-wave polarizations. (f) Equal-area projection of
observed path-length normalized time delays represented by scaled circles.
puted time delays (Fig. 2c) also reflect the prescribed model of
fracture geometry by showing comparatively large δt values which
are concentrated in a central band parallel to the assigned N30E
crack strike and which steadily and symmetrically decrease side-
ways with increasing incident angle. Measurements of φ from sta-
tion S13 in the SE Geysers (Figs 2d and e) are highly consistent
with the prescribed anisotropy model and show good raypath cov-
erage within the shear-wave window. The majority of φ observa-
tions are parallel to each other and show a prevalent mainly N30E
strike regardless of their position in the plot (Fig. 2e) in a pattern
comparable to that of theoretical polarization angles in Fig. 2(b).
Measurements of normalized δt recorded by station S13, how-
ever, are less diagnostic than polarizations and show no clear ev-
idence of large δt values in a central band along the N30E direction
(Fig. 2f). Such a behavior is not unexpected as Liu et al. (1993a)
argue, and we agree, that in structurally complex areas, time de-
lays are often harder to measure than fast shear-wave polarizations.
Thus, we generally assign δt measurements a secondary role rela-
tive to φ measurements in the procedure of inversion for fracture
geometry.
More complex subsurface fracture configurations involve parallel
non-vertically dipping crack systems and intersecting crack systems.
These produce φ patterns which vary with ray azimuth and incident
angle and whose interpretation in terms of subsurface crack geom-
etry is often complicated by the fact that polarization directions in
the shear-wave window are no longer uniformly parallel to the crack
strike, as with parallel vertical fractures. Sets of non-vertically dip-
ping cracks cause distributions of polarization directions to become
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Figure 3. Comparison of synthetic shear-wave splitting behavior in parallel non-vertically dipping crack systems and biplanar intersecting cracks systems.
(a), (b), and (c) correspond to a medium characterized by a single system of cracks striking N30E and dipping 70SE (λ, µ, and ρ are the same as in Fig. 2).
The crack density ε = 0.05 and the crack aspect ratio is 0.01. (a) Rose diagram of synthetic fast shear-wave polarizations in the shear-wave window of 35 deg..
(b) Equal-area projection plot of synthetic fast shear-wave polarizations out to the edge of the shear-wave window. (c) Equal-area projection plot of synthetic
path-length normalized contoured time delays (ms km−1) out to the edge of the shear-wave window. (d), (e), and (f) correspond to a medium characterized by
biplanar intersecting systems of vertical cracks of equal crack density ε = 0.05 (λ, µ, and ρ are the same as in Fig. 2). One crack system strikes N30E with an
aspect ratio of 0.1 while the other crack system strikes N60W with an aspect ratio of 0.01. (d) Rose diagram of synthetic fast shear-wave polarizations in the
shear-wave window of 35 deg. (e) Equal-area projection plot of synthetic fast shear-wave polarizations out to the edge of the shear-wave window. (f) Equal-area
projection plot of synthetic path-length normalized contoured time delays (ms km−1) out to the edge of the shear-wave window.
asymmetrical in equal-area projection plots in a fashion which de-
pends on fracture strike and amount of fracture dip. Assuming ideal
uniform raypath coverage in the shear-wave window, the shallower
the crack dip, the more likely fast shear-wave polarizations are to
deviate from the direction of crack strike. Consequently, fast shear-
waves are polarized in more than one direction, resulting in rose
diagrams with two or multiple polarization directions. Biplanar in-
tersecting fracture systems may also produce variable polarization
orientations, which in rose diagrams, are indistinguishable from
those generated by a single system of parallel non-vertically dipping
cracks. To illustrate this, we consider two carefully selected fracture
models (Fig. 3). The first fracture model consists of a single set of
cracks striking N30E and dipping to the SE with an angle of 70◦
from the horizontal (Figs 3a to c). The second model represents two
sets of intersecting vertical fractures of equal crack densities, which
strike N30E and N60W respectively (Figs 3d to f). Although the two
fracture models are very different in nature, their corresponding rose
diagrams show almost identical frequency distributions of synthetic
fast shear-wave polarization directions (Figs 3a and d). Equal-area
projection plots, in contrast, can better distinguish between the two
models of crack configurations: The plot (Fig. 3b) shows that in the
case of a single set of non-vertically dipping cracks, synthetic po-
larizations within the shear-wave window do not consistently strike
N30E parallel to the strike of the prescribed fracture system. About
one-third of computed polarizations, largely concentrated in the SE
quadrant, strike in the direction of crack dip and perpendicularly to
the remaining mainly N30E-striking polarizations. The two orthog-
onal polarization orientations show up clearly in the rose diagram
of Fig. 3(a), even though the crack model contains only one single
crack orientation. On the other hand, the second model with bipla-
nar intersecting vertical cracks produces synthetic polarizations that
closely parallel the prescribed N30E and N60W fracture directions,
as seen in the rose diagram of Fig. 3(d). The corresponding polar-
ization equal-area projection (Fig. 3e) can successfully discriminate
between the two fracture models since it exhibits φ symmetry pat-
terns that are distinct from those generated by parallel non-vertically
dipping cracks (Fig. 3b). Synthetic δt values in equal-area projection
plots also show different distribution patterns for the two prescribed
fracture models (Figs 3c and f). Therefore, provided good raypath
coverage is available in the shear-wave window, patterns of varying
parameters φ and δt with ray azimuth and incident angle may be
used to effectively differentiate between the effects of biplanar in-
tersecting cracks and those of parallel non-vertically dipping cracks
on SWS behavior.
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4 M O D E L S O F S U B S U R FA C E C R A C K
G E O M E T RY I N R E L AT I O N T O T H E
T E C T O N I C E N V I RO N M E N T
4.1 Fast shear-wave polarizations and maximum
compressive stress
Fast shear-wave polarizations recorded by most seismic stations in
the NW Geysers and by several stations in the SE Geysers have a
common N-to-NE dominant orientation as displayed by rose dia-
grams in Fig. 1. The frequently encountered N-to-NE polarizations
are well correlated with the state of stress in The Geysers area, which
can be summarized as follows:
Based on earthquake first motion analysis, Bufe et al. (1981)
showed that vectors of regional maximum compression are horizon-
tal and vary from approximately North to N30E within The Geysers.
On the whole, the majority of existing main Quaternary faults dis-
play offsets which are compatible with a generally N–S direction
of maximum compression. The additional 30◦ of eastward spread
among the vectors of maximum compression may be accounted for
by local aspects of the terrain such as reservoir subsidence, differ-
ential strain buildup, and strain release along diverse faults and fault
branches (McLaughlin 1981). Hence, vertical cracks in the area are
expected to be open when striking in the N-to-N30E direction, paral-
lel to the principal vectors of horizontal compression. The resulting
open parallel fracture and microfracture network in the reservoir
rocks produces an anisotropic medium whose symmetry properties
are best approximated by an HTI model as already discussed. Since
the SWS theory suggests that, within the shear-wave window, fast
shear-waves are polarized parallel to the main vertical fracture sys-
tem they travel through, it is then only natural for us to observe a
wealth of φ values falling within the N-to-NE range of hypothe-
sized open fracture strikes. Hence, it is reasonable to conclude that
when observed polarizations at a given station strike uniformly in
the direction of maximum compressive stress, the most plausible
scenario of subsurface anisotropy is one which can be explicitly and
wholly attributed to a fracture model involving a single system of
stress-aligned vertical extensional cracks and microcracks. The lat-
ter are often referred to as EDA-microcracks, which form the most
compliant elements of the rock mass (Crampin & Lovell 1991).
A study by Liu et al. (1993a) indicates, however, that in certain
cases, fast shear-wave polarizations recorded within the limits of
the shear-wave window may show variation patterns produced by
two intersecting crack sets which are impossible to distinguish from
those generated by a single set of parallel vertical cracks. Depending
on the angle (θ) between their normals, two sets of intersecting
cracks may cause fast shear-waves to be preferentially polarized
along a single mean direction that is the crack density-weighted av-
erage orientation of the two crack strikes (this applies mainly for θ
values smaller than about 50◦; Liu et al. 2003). It follows that al-
though uniformly parallel polarizations recorded in the shear-wave
window of a given station can be satisfactorily modelled as a single
system of vertical fractures, the fracture model is not unique due to
the nonlinear relationship between φ and fracture strike. Neverthe-
less, a single crack system model is always the simplest and thus,
tends to be favored. If time delays are observed from a wide range
of ray azimuths and incident angles, they can provide important
additional constraints on the fracture model.
Although the effect of maximum compressive stress on φ obser-
vations is clear in The Geysers data, our abundant collection of split
measurements shows that fast shear-wave polarizations do not exclu-
sively strike N-to-NE generally parallel to the vectors of maximum
horizontal compression. Polarizations cover a wider range of orien-
tations and vary from station to station. As a matter of fact, some
stations display almost exclusively NNW-to-NW polarizations, as
shown by stations S9 in the NW Geysers and stations S4 and S12 in
the SE Geysers (Fig. 1). Such φ values are anomalous in the sense
that they cannot be readily modelled as open extensional vertical
fractures or EDA-microcracks aligned in the direction of maximum
compressive stress. Laubach et al. (2002) suggest that, depending
on mineral cement content in rocks, fractures striking perpendicular
to the direction of maximum compressive stress (i.e. about NW in
our case) may be open in the subsurface. They also imply that there
is no good evidence that modern-day principal stress directions have
exclusive control on the orientation of open cracks in rocks.
Evidence for open NW-trending fractures in The Geysers has been
reported by Adams et al. (1999). Gaseous tracer tests conducted in
the SE Geysers proved the existence of both NE- and NW-trending
subsurface fracture-paths along which steam from injected water
in wells rapidly flowed. Moreover, Thematic Mapper images of re-
gional and local surface fracturing patterns, analyzed by Nielson &
Nash (1997), indicate that NW fracture trends are frequently en-
countered on the surface in The Geysers. Fig. 4 shows the fracture-
induced anisotropy models which best simulate, in the least-squares
sense, the NNW-to-NW polarizations recorded by station S9 (in the
NW Geysers), and stations S4 and S12 (in the SE Geysers). The
strikes of modelled crack systems vary between N20W and N57W
generally parallel to the local Squaw Creek fault zone and other
local NW-trending right-lateral faults related to the San Andreas
Fault system. The growth and development of fault-parallel cracks
is predicted by shear fracture failure research (King 1983) and sub-
stantiated by shear-wave observations in different fault zones such
as Izmit, Turkey (Crampin et al. 1985), Oroville, CA (Leary et al.
1987), and the San Jacinto Fault, CA (Crampin et al. 1990; Liu
et al. 1993b). We believe that measurements of NNW-to-NW po-
larizations in The Geysers correlate with fault-generated fractures,
which are produced and aligned by local fault shearing effects (Liu
et al. 1993b) rather than by regional maximum compressive stress.
While φ observations from stations S9 and S12 (Fig. 4) are best
modelled by sets of vertical-to-subvertical NNW-striking fractures,
the best possible model in the least-squares sense for station S4
corresponds to a system of non-vertical cracks aligned N57W and
dipping more shallowly at 58◦ NE. The modelled fracture strike
for station S4 is subparallel to the vectors of maximum horizon-
tal extension in The Geysers, which range from N60W to EW and
correspond to the zone where faults are expected to exhibit some
thrusting component (McLaughlin 1981; Bufe et al. 1981). Hence,
the modelled N57W-trending and more shallowly dipping cracks
may have developed along inherent crustal weaknesses produced
by widespread NW-trending NE-dipping imbricate thrust sheets of
Franciscan metagraywackes, which characterize much of the struc-
ture of The Geysers terrain. Stanley & Rodriguez (1995) argue that
these thrusts may have been reactivated as they were placed in an
extensional stress environment after the passage of the Mendocino
Triple Junction at about 3 Ma.
4.2 Observations of multiple polarization orientations
in The Geysers
4.2.1 Example of non-vertically dipping crack systems
Several stations in The Geysers show clear variations in φ mea-
surements as observed in rose diagrams. Some of these stations,
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Figure 4. Inversion results from seismic stations in the NW and SE Geysers displaying almost exclusively NNW-to-NW polarizations. (a–d) Station S9 in the
NW Geysers (which has comparatively high station correction standard deviation): (a) Rose diagram of observed fast shear-wave polarizations in the shear-wave
window of 34.8 deg. (based on a velocity model by Romero 1995). (b) Equal-area plot of observed fast shear-wave polarizations. (c and d) Modelling results:
Equal-area plots of (c) theoretical polarizations and (d) residuals between observed and theoretical time delays represented by scaled circles. The plus sign
indicates that the residual value is less than the sampling interval. The best crack model in the least-squares sense corresponds to a single crack set striking
N20W and dipping 84SW with a crack aspect ratio of 0.06 and a crack density of 0.027. (e-h) Station S12 in the SE Geysers: (e) Rose diagram of observed fast
shear-wave polarizations in the shear-wave window of 37.5 deg. (f–h) Equal-area plots of observed and theoretical polarizations and residual time delays. The
best crack model in the least-squares sense corresponds to a single vertical crack set striking N24W with a crack aspect ratio of 0.1 and a crack density of 0.024.
(i–l) Station S4 in the SE Geysers: (i) Rose diagram of observed fast shear-wave polarizations in the shear-wave window of 37.5 deg. (j–l) Equal-area plots
of observed and theoretical polarizations and residual time delays. The best crack model in the least-squares sense corresponds to a single crack set striking
N57W and dipping 58NE with a crack aspect ratio of 0.1 and a crack density of 0.045.
which recorded a comparatively large number of φ and δt pairs
(greater than an average of about 40), show evidence of secondary
polarization sets that strike at an angle to the dominant polarization
orientation (e.g. stations S2 and S6 in the NW Geysers and stations
S6 and S8 in the SE Geysers; Fig. 1). As will be explained, these mi-
nor polarization sets, most clear in rose diagrams, provide important
clues on fracture geometry, otherwise not indicated by the dominant
polarization direction. This is due to the fact that φ measurements
are highly sensitive to deviations from HTI conditions or vertical
crack systems.
As already mentioned, in the instance of non-vertically dipping
cracks, polarizations do not strike uniformly in the direction of the
cracks independently of ray azimuth and angle of incidence. De-
pending on the crack dip amount and direction, certain rays trav-
elling along specific azimuths and incident angles yield polariza-
tions which may deviate from the actual crack strike by as much
as 90◦. This results in varying degrees of asymmetry within polar-
ization patterns in equal-area projection plots, which provide key
modelling constraints for determining accurate fracture dip. As an
example, station S6 in the SE Geysers shows φ measurements com-
prising a minor set of N20W polarizations in addition to the principal
N60E polarization orientation (Fig. 5a). Although raypath coverage
is only fair, the two sets of observed polarization angles exhibit pro-
nounced raypath dependence: the N20W-striking polarizations cor-
respond to rays travelling essentially from northern azimuths while
the N60E-striking polarizations are associated with eastern ray az-
imuths (Fig. 5b). Inversion results, based on both φ and δt mea-
surements, indicate that the best-fitting anisotropy model beneath
station S6, in the least-squares sense, consists of a single crack sys-
tem striking N25W and dipping steeply to the NE at 74◦ (Figs 5d to
g). The associated model for crack density (ε = 0.053) corresponds
to approximately 5.3 per cent shear-wave velocity anisotropy. Crack
density in the neighborhood of station S6 is greater than both the
mean crack density ε = 0.04 modelled for all seismic stations in The
Geysers and the general range of crack density values in the crust
(ε = 0.015–0.045). As mentioned earlier, large ε and SWA values are
not anomalous in geothermal areas characterized by high heat flow.
The fracture model for station S6 is in good agreement with fault-
shearing effects produced by local right-lateral strike-slip faulting
related to the San Andreas system (McLaughlin 1981). Due to rather
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Figure 5. Station S6 (SE Geysers): Two main polarization orientations modelled as a single set of non-vertically dipping cracks. (a–c) Rose diagram and
equal-area plots of observed φ and δt in the shear-wave window of 37.5 deg.. (d–f) Rose diagram and equal-area plots of theoretical φ and δt in the shear-wave
window. (g) Equal-area plot of residual time delays in the shear-wave window. Minimization of φ and δt residuals in the least-squares sense indicates that the
best crack model corresponds to a single set of cracks striking N25W and dipping 74NE with a crack aspect ratio of 0.01 and a crack density of 0.053.
restricted raypath coverage in the shear-wave window, however, this
fracture model is not unique. Inversion of split parameters (φ and δt)
by trial-and-error indicates that the fracture model obtained (Fig. 5)
shows only a slightly better fit compared to another model with a
single crack system striking N74E and dipping 58◦NW. The latter
crack model is however inconsistent with a priori structural data
in The Geysers (mainly vectors of principal compressive stress and
fault shearing patterns), and therefore is less credible (Nielson &
Nash 1997).
4.2.2 Example of intersecting crack systems
Fast shear-wave polarizations varying with ray azimuth and incident
angle at a given station do not necessarily imply the presence of a
system of parallel non-vertically dipping cracks in the neighborhood
of the station. Depending on their pattern, varying polarization di-
rections may be modelled by biplanar intersecting crack systems,
especially if observed time delays also substantiate such fracture
models.
To illustrate this, station S2 located near a NW-trending fault in
the NW Geysers displays two distinct polarization orientation sets.
The major φ set strikes N30E while the minor φ set is oriented
N30W (Fig. 6a). In equal-area projection, φ readings show rela-
tively good raypath coverage in the shear-wave window but exhibit
rather complex variation patterns (Fig. 6b). Nonlinear least-squares
inversion results involving a single system of non-vertically dipping
cracks failed to accurately simulate the curved pattern within ob-
served φ data and thus produced poor model fits. Instead, the best
least-squares data fit was obtained with a model characterized by
two steeply dipping intersecting fracture sets. One fracture set strikes
N52E subparallel to the vectors of maximum regional compression.
The other fracture set is oriented N30W. Although the stress field is
suggested to be highly irregular in the immediate vicinity of faults,
the observed N30W polarizations are consistent with the trend of a
local fault passing near the seismic station and therefore are likely
induced by cracks associated with fault-shearing. The crack density
model ε = 0.068 based on δt inversion for station S2 shows the
largest value of shear-wave velocity anisotropy among all stations
in The Geysers. Comparable large values of crack density have been
typically associated with biplanar intersecting cracks (e.g. Crampin
1994), which provides further support to the biplanar fracture model
proposed in Fig. 6.
Perhaps one of the most complex patterns of multiple polarization
orientations is provided by station S14 in the SE Geysers. The rose
diagram (Fig. 7a) shows three main equally dominant directions of
φ observations. Although observed polarization orientations con-
tain some raypath dependence, inversion results indicate that the
best possible model of biplanar cracks shows poor data fit and thus,
does not adequately reproduce φ and δt observations. However, pre-
dominant polarization orientations in the rose diagram (Fig. 7a) are
consistent with mapped fractures in The Geysers reservoir and its
vicinity (Figs 7b and c). The main three observed fast shear-wave
polarization sets are generally parallel to the three most dominant
concentrations of linear fractures extending to the ground surface in
The Geysers, as detected from Thematic Mapper images (Nielson
& Nash 1997). This implies that fracture-induced anisotropy is most
likely produced by three intersecting sets of fractures in the neigh-
borhood of station S14. We believe that such results underline the
observability of shear-wave splitting (even in complexly fractured
areas) and emphasize its usefulness in detecting accurate subsurface
fracture attributes.
5 D I S C U S S I O N
5.1 Free-surface effects
Rugged surface topography, especially hilly sites, may be part of
the reason why observed fast shear-wave polarizations often show
scatter around their mean direction. Some polarizations may even
rotate by up to 90◦ due to free-surface effects (Chen et al. 1987;
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Figure 6. Station S2 (NW Geysers): Two main polarization orientations modelled as biplanar intersecting crack sets. (a–c) Rose diagram and equal-area plots
of observed φ and δt in the shear-wave window of 34.8 deg.. (d–f) Rose diagram and equal-area plots of theoretical φ and δt in the shear-wave window. (g)
Equal-area plot of residual time delays in the shear-wave window. Minimization of φ and δt residuals in the least-squares sense indicates that the best crack
model corresponds not to a single set of dipping cracks but to two intersecting sets of cracks of equal density ε = 0.068. One crack set is vertical and strikes
N30W with a crack aspect ratio of 0.01 while the other crack set strikes N52E and dips 70NW with a crack aspect ratio of 0.1.





Figure 7. Station S14 (SE Geysers): (a) A rose diagram showing multiple observed fast shear-wave polarization orientations in the shear-wave window of
37.5 deg. is compared with (b) and (c) rose diagrams showing local surface fracture orientations and linear features in The Geysers within the areas encompassed
by the 4 heat flow unit (HFU) contour and the 12 HFU contour respectively (Walters 1996), as measured on Thematic Mapper images at a scale of 1:480,000
and less (Nielson & Nash 1997, with permission).
Graham & Crampin 1993; Peacock et al. 1988). In contrast to the
NW Geysers, where seismic stations are downhole about 30 m deep,
all instruments in the SE Geysers are on the surface. When seismic
stations are installed on the ground surface, free-surface effects may
in some cases affect the readings of SWS parameters. A local SP
phase produced by the conversion of SV to P could act as a precursor
to S and be therefore mistaken for the first of a pair of split shear-
waves. However, in the case of weak anisotropy, these phase conver-
sion effects are minimized for small angles of incidence within the
shear-wave window (Evans 1984; Elkibbi & Rial 2005). Although
distributions of φ measurements in the SE Geysers are generally
consistent with those predicted by fracture models, the likelihood
of anomalous polarizations due to free-surface effects at the fringes
of the shear-wave window is higher than in the NW Geysers where
instruments are in boreholes. In fact, it is possible that free-surface
effects may have affected the goodness-of-fit of fracture models in
the SE Geysers (i.e. RMS (ϕ) and RMS (δt)), since the NW Geysers
stations show comparatively better model fits on average.
5.2 Sensitivity of SWS to fracture parameters
The resolution of inverted fracture models strongly depends on the
degree of sensitivity of SWS parameters to fracture parameters and
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Figure 8. Summary of shear-wave splitting inversion results: 3-D representation of subsurface crack geometry and crack density in (a) the NW Geysers and
(b) the SE Geysers, mainly for stations with more than a minimum of 20 events recorded (Elkibbi 2004; Rial et al. 2005, reprinted with permission from
Elsevier). Crack models are represented by oriented rectangles showing the strike and dip of crack and microcrack systems in the neighborhood of each seismic
station down to a depth of 1000–1250 m. Different crack shades denote different crack densities. Black triangles are seismic stations.
types of saturating fluids. It is truly the high sensitivity of φ and δt
to crack parameters and type of fluid content, which makes the in-
version for fracture geometry and fracture density viable and mean-
ingful. For instance, fast shear-wave polarization orientations are
sensitive to any amount of change imposed on crack strike, that is,
polarization orientations will shift by the same amount of degrees
that the crack strike rotates. Changes in crack dip, aspect ratio, and
saturating fluid content also have significant effects on variation pat-
terns of φ and δt as a function of ray azimuth and incident angle.
Particularly, in equal-area projection plots, line singularities associ-
ated with φ and δt will change in shape and shift in position within
the shear-wave window and outside of it (e.g. MacBeth 1991).
An interesting feature is that time delays are either mainly sen-
sitive to changes in crack aspect ratio or changes in crack density
depending on ray azimuth and incident angle. As an example, in
the simple case of parallel vertical fractures, time delays associated
with raypaths in the range of ±(15◦ to 45◦) to the fracture planes are
mainly sensitive to variations in crack aspect ratio, while time de-
lays associated with raypaths within ±15◦ to the fracture planes are
mainly sensitive to variations in crack density. For instance, as stress
increases, the aspect ratio of parallel vertical fractures is expected
to increase as an immediate effect, which increases the average time
delays associated with raypaths within the range of ±(15◦ to 45◦) to
the fracture planes (Crampin & Zatsepin 1997; Crampin & Chastin
2001). In The Geysers data, sensitivity of time delays to crack as-
pect ratios plays an important role in optimizing fracture inversion
results by minimizing the misfit functions RMS(δt).
5.3 Non-Uniqueness
Inversion of SWS parameters shows that uniformly parallel φ ob-
servations in the shear-wave window of a given seismic station
regardless of ray azimuth and angle of incidence can be success-
fully modelled by a simple anisotropic medium characterized by
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Table 1. Proposed crack models in the neighborhood of each seismic station in the NW Geysers based on shear-wave splitting parameter inversion. The quality
of raypath coverage is based on point pattern analysis results and percentages of area covered by shear-wave splitting parameters in the ray azimuth-incident
angle space (Elkibbi & Rial 2005).
Station Number of Raypath Crack Crack RMS Crack RMS Crack
name (ϕ, δt) pairs coverage quality strike dip (deg.) (ϕ) density ε (δt) aspect-ratio
S1 89 Good N16W 83SW 27.8 0.038 7.84 0.02
S2 64 Good N30W 90 24.66 0.068 8.07 0.01
N52E 70NW 0.068 0.1
S3 72 Fair N58E 82SE 11.79 0.035 4.02 0.09
S4 92 Good N50E 82SE 22.12 0.05 7.47 0.04
S5 57 Good N2E 90 26.93 0.038 8.9 0.07
S6 120 Good N39E 90 26.21 0.038 9.05 0.1
S7 34 Fair N31E 81SE 29.5 0.027 5.52 0.1
S8 66 Good N39E 84NW 20.39 0.035 7.73 0.001
S9 37 Fair N20W 84SW 16.49 0.027 4.83 0.06
S10 35 Fair N46E 90 26.75 0.036 4.67 0.01
S11 72 Fair N17E 90 18.59 0.051 10.28 0.1
S12 35 Poor N37E 89NW 34.69 0.033 4.13 0.02
S13 11 Poor N58E 83NW 26.9 0.023 4.29 0.02
S14 65 Fair N44E 85SE 23.92 0.046 4.42 0.06
S15 26 Poor N41E 72NW 16.89 0.028 5.72 0.01
S16 33 Poor N11W 85SW 18.91 0.02 3.76 0.01
Table 2. Proposed crack models in the neighborhood of each seismic station in the SE Geysers based on shear-wave splitting parameter inversion. The quality
of raypath coverage is based on point pattern analysis results and percentages of area covered by shear-wave splitting parameters in the ray azimuth-incident
angle space (Elkibbi & Rial 2005). Stations S1, S2, and S3 have very few readings (less than 20 (ϕ, δt) pairs) insufficient for crack inversion. Stations S7 and
S9 are non-functional.
Station Number of Raypath Crack Crack RMS Crack RMS Crack
Name (ϕ, δt) pairs coverage quality strike dip (deg.) (ϕ) density ε (δt) aspect-ratio
S4 72 Good N57W 58NE 24.16 0.045 5.73 0.1
S5 36 Fair N32W 82NE 29.19 0.033 4.71 0.01
S6 97 Fair N25W 74NE 28.18 0.053 6.82 0.01
S8 48 Fair N26E 79NW 40.95 0.06 6.08 0.001
S10 38 Fair N63W 72NE 34.08 0.06 8.83 0.01
S11 54 Fair N43E 83NW 25.44 0.034 5.82 0.1
S12 204 Good N24W 90 27.54 0.024 4.36 0.1
S13 113 Good N33E 90 19.31 0.035 6.8 0.1
S14 144 Good N70W 52SW 34.21 0.039 6.5 0.03
N25E 64SE 0.03 0.001
a single set of parallel vertical cracks, which strike in the same
direction as φ observations. However, due to the nonlinear relation-
ship between fracture strike and angles of fast shear-wave polar-
ization, other models are equally possible. These involve biplanar
crack sets that intersect at an angle smaller than 50◦, and whose
crack density-weighted average strike is parallel to the φ measure-
ments (Liu et al. 1993a). The single crack set model is however
more credible in our case, since the majority of φ observations in
the Geysers are subparallel to the direction of maximum compres-
sive stress, along which cracks are expected to be open. In other
cases, non-uniqueness of inversion models should be handled with
caution.
Uneven raypath coverage within the shear-wave window often
adds to the non-uniqueness of inversion results (e.g. station S6 in
the SE Geysers). Referring to a priori geological data and making
use of the complementarity between φ and δt datasets through si-
multaneous minimization of RMS(φ) and RMS(δt) misfit functions
may help reduce the non-unique character of the inversion. Another
non-uniqueness issue is that the behavior of shear-wave polariza-
tions in media with fractures saturated with low-velocity fluids is
similar to that in media with water-saturated fractures of large aspect
ratios (e.g. MacBeth 1991; Crampin 1993).
6 C O N C L U S I O N S
Shear-wave splitting parameters φ and δt are highly sensitive to
the anisotropic fabric of the medium through which shear-waves
propagate. Variations in φ and δt measurements with respect to
ray azimuth and incident angle recorded by a given seismic sta-
tion are particularly useful in determining the crack density and the
3-D geometry of crack-induced anisotropy in the neighborhood of
the seismic station. In the NW Geysers, inversion results indicate
that the majority of observed φ and δt parameters agree with mod-
els of transverse isotropy that represent vertical to steeply dipping
fractures striking subparallel to the N-to-NE direction of maximum
compressive stress, consistent with field evidence of fracture direc-
tions in metagraywacke cores (Nielson et al. 1991). The average
crack density ε is equal to 0.039. In the SE Geysers, modelled frac-
tures are also vertical to steeply dipping and strike in both the NE and
NW directions, with an average density ε = 0.041, comparable to
that in the NW Geysers. Modelled fracture directions in the SE Gey-
sers are consistent with subsurface NE and NW fracture directions
detected from tracer injection tests (Adams et al. 1999). In particu-
lar, NW-striking cracks perpendicular to the direction of maximum
compressive stress may be associated with fault shearing effects
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(Elkibbi & Rial 2005). Zatsepin & Crampin (1997) and Crampin
et al. (2002) suggest an alternative explanation for fast shear-waves
polarized at 90◦ to the maximum compressive stress. They show that
high pore-fluid pressures can cause fast shear-wave polarizations to
flip by 90◦; a rather unlikely scenario in The Geysers, a low pressure
geothermal reservoir.
Percentages of shear-wave velocity anisotropy, modelled for all
stations in The Geysers, average about 4 per cent and are consistent
with values of SWA in the Earth’s crust ranging typically between 1.5
and 4.5 per cent (e.g. Crampin & Zatsepin 1997). Higher values of
SWA occur in The Geysers and should be expected in this area of high
heat flow reaching 12 HFU (heat flow units; Walters 1996; Crampin
& Zatsepin 1995). Based on modelling results from station S2 in
the NW Geysers, which show a significantly larger than average
SWA value of about 6.8 per cent, we were able to delineate a volume
of increased crack density and rock permeability in the immediate
vicinity of a fault zone, which may be of interest to geothermal
production.
The recording of two main φ directions by the same station is an
example of deviation from horizontal transverse isotropy conditions
or parallel vertical fracture systems. Inversion of φ and δt parame-
ters indicates that, depending on their distribution with respect to ray
azimuth and incident angle, such shear-wave splitting observations
can be modelled by a single system of non-vertically dipping frac-
tures (e.g. station S6 in the SE Geysers) or by biplanar intersecting
fracture systems (e.g. station S2 in the NW Geysers). Fig. 8 sum-
marizes all station-by-station inversion results for subsurface 3-D
crack geometry and crack density in the NW and the SE Geysers.
Although inversion efforts involving more than two fracture sys-
tems are beyond the scope of this paper, a priori geologic data may
in some cases help resolve complex polarization distributions. For
instance, based on surface fracture maps of The Geysers (Nielson
& Nash 1997), we suggest that the three main polarization direc-
tions recorded by station S14 in the SE Geysers are generated by
shear-wave splitting through a network of three intersecting fracture
systems extending at depth and striking parallel to the three main
observed φ orientations. Tables 1 and 2 summarize inversion results
for all proposed fracture models in the neighborhood of each seis-
mic station in The Geysers, and indicate the quality of data spatial
coverage.
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